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ABSTRACT Our objective was to evaluate piperidine alkaloids as potential resistance factors in Sitka
spruce, Picea sitchensis (Bong.) Carr, at risk to attack by white pine weevils, Pissodes strobi (Peck).
We sampled 72 seedlings in each of two replicated field trials in the Oregon Coast Range. The seedlings
were grown from open-pollinated seeds of putatively “resistant” or “susceptible” off-site parental
sources. Alkaloid concentrations in bark and foliage were measured in previously unattacked trees at
the time of weevil host selection. Leader mortality was evaluated in the fall to gauge actual resistance
in the sample trees. Five families had =25% topkill and seven sustained >50% topkill. Alkaloid
concentrations differed significantly among families, but the major alkaloids did not appear to be
functionally linked with topkill or useful indicators of resistance. However, our study design did not
address all potential resistance mechanisms. Therefore, before concluding that Sitka spruce alkaloids
have no influence on white pine weevils, complementary laboratory and field experiments are needed.

KEY WORDS  Pissodes strobi, Picea sitchensis, leader mortality, host plant resistance, alkaloids

THE WHITE PINE weevil, Pissodes strobi (Peck), is a
serious deterrent to regeneration of Sitka spruce, Picea
sitchensis (Bong.) Carr, on the Pacific slope of the
Oregon Coast Range (Harris 1990). Risk of weevil
damage to Sika spruce is especially high in the south-
ern extent of its range, which includes western Oregon
and a narrow coastal band in California (Harris 1990,
Peterson et al. 1997). Weevils deposit eggs in the
terminal shoot of young trees, and ensuing larvae
consume the phloem, often causing leader mortality
and stem deformities which restrict height growth and
wood quality (Silver 1968, Hamid et al. 1995). A recent
survey of 41 Sitka spruce stands in the northern Or-
egon Coast Range revealed an average 2.8 defects per
tree, 34% of which were forks or major crooks in the
stem (Lysak 2001). Renewed interest in growing Sitka
spruce in its historic range along the Oregon coast,
where it attains maximum development (Peterson et
al. 1997), has emerged as an unprecedented outbreak
of Swiss needle cast now seriously affects Douglas-fir
plantations (Filip et al. 2000). In addition, coastal Sitka
spruce rain forest is relatively rare and unique among
the world’s temperate forests, providing further in-
centive for successful management of this resource.
To test the viability of growing offsite, weevil-re-
sistant Sitka spruce in the Oregon Coast Range, two
trial plantations were established by the Oregon De-
partment of Forestry (ODF) in 1994. We took advan-
tage of these progeny trials to conduct a comparative
study of piperidine alkaloids in resistant and suscep-
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tible spruce. Spruce defensive chemistry, with em-
phasis on terpenes and resin acids, has been studied in
detail for possible involvement in weevil host selec-
tion and resistance (e.g., Alfaro et al. 1980; Brooks et
al. 1987; Hrutfiord and Gara 1989; Manville et al. 1994;
Tomlin and Borden 1997a, 1997b; Tomlin et al. 1997;
Nault et al. 1999), but the alkaloids constitute a unique
class of secondary compounds that had not been ex-
amined. Sitka spruce harbors a suite of 2,6-disubsti-
tuted piperidines in needles, branch, and root tissues
(Stermitz et al. 1994, 2000). Although concentrations
(dry weight basis) are highly variable, branch tissue
tends to have more alkaloids than foliage (Stermitz et
al. 1994, 2000). Preliminary analyses indicated higher
alkaloid concentrations in bark (outer bark and
phloem) than in sapwood from branch tips. Weevil
adults, as well as their larvae, feed on phloem of ter-
minal leaders (Silver 1968), hence the alkaloids are in
a position to function as antifeedants or toxicants.
Adult female weevils may also feed on spruce foliage
before selecting trees for ovipositing (Silver 1968), so
the potential exists for antibiosis by the foliar alkaloids
as well. Resistance appears to result, at least in part,
from unidentified water-soluble constituents of
spruce bark that cause hormonal changes which in-
hibit egg production in female weevils (Leal et al.
1997; Sahota et al. 1998, 2001). We have found the
piperidine alkaloids to be water-soluble (unpublished
data) and constitutive in nature (Gerson and Kelsey
1998). Also, a mixture of pine alkaloids has been shown
to be teratogenic in a frog embryo test (Tawara et al.
1993). Thus, we had reason to suspect that Sitka spruce
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Family classification of sample trees from two progeny plantations, seed source, and current-year leader mortality

OR Dept. of Forestry

Incidence of topkill

Predicted % likelihood of topkill

Family no. (putative Seed source” Hamlet site S. Coal site (95% CI)

resistance class)“ (n = 6) (n = 6) Hamlet site S. Coal site
1025 (R) Qualicum Beach # 3, V.I. 0 0 0 (not estim.) 0 (not estim.)

1023 (R) Qualicum Beach # 1, V.I. 1 1 22.0 (5.6-57.3) 11.4 (2.5-39.1)

1027 (R) Ladysmith # 1, V.. 2 0 22,0 (5.6-57.3) 11.4 (25-39.1)

041 (S) Astoria District, Oregon 1 1 22.0 (5.6-57. 3) 11.4 (2.5-39.1)

1036 (R) Gillies Bay # 4, V.I 1 2 32.2 (10.9-65.0) 17.8 (5.0-46.9)
1394 (R) Knight Inlet? V.I 5 1 59.7 (30.5-83.4) 40.3 (16.7-69.5)
5003 (S) Q.CL (b) 4 2 59.7 (30.5-83.4) 0.3 (16.7-69.5)
1032 (R) Mill Bay # 1, V.I. 5 2 67.8 (37.8-87.9) 48.9 (22.0-76.5)
5001 (S) Q.CL (a) 4 3 67.8 (37.8-87.9) 48.9 (22.0-76.5)
5005 (S) Q.CL (d) 4 4 753 (45.4-91.8) 58.1 (28.1-83.1)
5006 (S) Q.CLL (e) 4 4 75.3 (45.4-91.8) 58.1 (28.1-83.1)
5004 (S) Q.CL (c) 4 4 79.8 (49.1-94.2) 64.3 (30.9-87.9)

From logistic regression analysis: the predicted likelihood of leader mortality and 95% confidence intervals, depending on site and family

class.
@ A priori classification based on parent trees: (R),

“resistant”; (S),

“susceptible.”

b All parent trees located in B.C. except 041; Q.C.I, Queen Charlotte Islands; V.I., Vancouver Island.
¢ Predicted values are influenced by overall site effects, so predictions at the family level do not necessarily mirror the topkill rates.

¢ Confidence interval not estimable because of all-zero data.
“(n=25).

alkaloids could be involved in resistance to Pissodes
strobi.

Weevil attacks were low in the Oregon progeny
trials the first 3 yr after seedlings were planted, but in
the fourth year (1998), attack rates among susceptible
progeny were as high as 40 and 55%, respectively, at
the two plantations (ODF, Forest Management Divi-
sion). Populations were expected to be large in the
spring of 1999, but enough unattacked saplings re-
mained in the progeny plantations to form a sample
pool for a prospective, observational study of Sitka
spruce with varying levels of resistance. At this stage
of weevil population growth, trees are likely to be
exposed to fairly uniform, heavy weevil pressure (He
and Alfaro 1997). We sampled bark and foliage in late
spring when weevils typically select host trees, then
later the same year we surveyed each sample tree to
assess leader mortality. Open-pollinated progeny of
resistant parent trees inherently vary in actual resis-
tance (Manville et al. 1994, Nault et al. 1999), so we
chose not to rely on simply categorizing sample trees
as “resistant” or “susceptible” based on parentage. Al-
though Sitka spruce leaders may be fed upon, and
oviposited in, they can ultimately survive to produce
an intact, straight stem for the tree. Therefore, we did
not attempt to evaluate intermediate levels or stages of
weevil attack or damage; instead, we defined weevil
resistance solely in terms of leader mortality (topkill).

With alkaloid concentrations at the time of host
selection modeled as potential explanatory variables,
and topkill as the subsequent response variable, we
used logistic regression to evaluate whether the alka-
loids are likely to be involved in weevil resistance.
Secondarily, any alkaloids found to be positively or
negatively correlated with subsequent leader mortal-
ity could provide useful markers for weevil-resistant
genotypes, and could aid reforestation efforts with
Sitka spruce.

Materials and Methods

Sampling Procedure. Tissue samples were collected
from two Sitka spruce plantations installed in the Or-
egon Coast Range by the ODF for a weevil resistance
trial. The “Hamlet” test site (UTM Zone 10;5077 209 m
N, 441 190 m E; 16.3 km inland) in Clatsop State Forest,
and the “Southern Coal” test site (UTM Zone 10; 5 066
185m N, 434590 m E; 5.1 km inland) in Tillamook State
Forest, were planted in March of 1994 with 2-yr-old
seedlings. Thus, seeds for resistant and susceptible
trees came from different geographical locations, but
the sample trees themselves were grown in a common
environment. Putatively “resistant” open-pollinated
progeny of parent trees in British Columbia, Canada,
were planted along with “susceptible” progeny from
Queen Charlotte Islands, BC, and local Oregon stock
of unknown resistance. For the current study, we
randomly selected six of the 16 “resistant” families in
the trial, and six of eight “susceptible” families. The
open-pollinated progeny of a common parent tree or
seed source are referred to as “family” and represent
a group of sample trees with similar genotype. The
parent tree locations for the 12 families sampled in our
study are listed in Table 1.

At each test site, six trees were randomly selected
from each of the 12 families for a total of 144 sample
trees. Trees with evidence of previous weevil attack,
i.e., trees with dead leaders, stem deformities, weevil
brood gallery scars, or resin from feeding or oviposi-
tion holes, were excluded from the sample pool. Dam-
aged trees were excluded to preclude the possibility
our chemical analyses might reflect induced chemical
changes. Tissue samples were collected 18 May 1999
at Southern Coal, and 21 May 1999 at Hamlet. At this
time, female weevils were expected to be actively
selecting spruce leaders for oviposition (Overhulser
and Gara 1975). On 24 August and 1 September 1999,
we visually examined each sample tree at Southern
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Coal and Hamlet, respectively, and recorded leader
mortality.

Tissue Handling Procedure. Two lateral branches
from the top whorl of each sample tree were clipped
and stored in paper bags at ambient temperature for
alkaloid analysis (Gerson and Kelsey 1999a). Substi-
tution of lateral branches for leaders was done to avoid
negative impacts on the ODF progeny trial. A prelim-
inary comparison of alkaloid concentrations in leaders
and laterals from three naturally regenerated saplings
at Southern Coal showed no differences in paired t-tests,
although cis-pinidinol concentrations were two-fold
higher in terminals from two of the three trees.

Upon return to the laboratory, sapwood was re-
moved from the branches. Weevil larvae feed in the
phloem, and preliminary extractions of sapwood in-
dicated it contained a very small percentage of whole
stem alkaloids, therefore it was discarded. Buds also
were discarded because weevils do not use this tissue.
Needles and bark (specifically, outer bark and
phloem) were dried 72 h at 70°C, separated, and
ground to pass a 20-mesh screen. Ground tissue was
sealed in plastic bags at -20°C until extraction.

Alkaloid Analysis. Half-gram samples were ex-
tracted according to the optimized solid-phase parti-
tioning procedure detailed in Gerson and Kelsey
(1999a). All known piperidine alkaloids were quanti-
fied using Hewlett-Packard (now Agilent Technolo-
gies, Wilmington, DE) instruments including a 5890/ 11
gas chromatograph (GC) fitted with a 30 m by 0.25 mm
DB-1 capillary column (0.25 um film thickness, J & W
Scientific, Agilent Technologies), a 5970 mass selec-
tive detector, a 7673 automatic sampler, and Chem-
Station software. One microliter of extract was intro-
duced into a 250°C injection port with a 5:1 split, and
the oven temperature was ramped from 85 to 135°C at
5°C per minute. The system was calibrated daily using
cis-dihydropinidine and cis-pinidinol as external stan-
dards, and 2-ethylpiperidine as an internal standard.

Statistical Analyses. The potential for alkaloids to
explain susceptibility to weevil topkill was evaluated
using logistic regression (PROC GENMOD, SAS In-
stitute 1996). Sample tree topkill was modeled as a
dependent, binary response to the alkaloid concen-
trations, with site included as a blocking variable.
Drop-in-deviance tests based on chi-square probabil-
ities (Ramsey and Schafer 1997) were used to deter-
mine whether individual or total alkaloids were sig-
nificantly linked with topkill. Separate regressions
were done for bark and needle tissues. To determine
whether the likelihood of leader mortality differed
among family classifications, another logistic regres-
sion, with site as a blocking variable, was run to gen-
erate 95% confidence intervals.

Multivariate analysis of variance (MANOVA was
used to test the effect of family classification on con-
centrations of alkaloids. Because of the large number
of compounds measured, separate MANOVAs were
done for bark alkaloids and needle alkaloids. Each
MANOVA modeled the full suite of alkaloids present
in the tissue class as multivariate responses to a linear
function of site and family effects. The response vari-
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ables were transformed to natural logarithms to meet
assumptions of normality and homoscedacity. Where
MANOVA test statistics (PROC GLM, SAS Institute
1990) indicated very low probability of no overall
family effect (P < 0.001), the individual compounds
were tested by analysis of variance (ANOVA) for
differences among families. If the null hypotheses for
family effects in these ANOVAs were improbable,
then family means were compared. This tiered ap-
proach to testing for differences when many response
variables (chemical components) are measured
should help protect against compounding overall ex-
perimental error (Scheiner 1993). Least-squares
means (LS means) for families and limits defined by
one standard error for these means, were backtrans-
formed for presentation.

Results

The following piperidine alkaloids were identified in
extracts of the sample tissues according to published
mass spectra (Hart et al. 1967, Schneider et al. 1991,
Tawara et al. 1993, Todd et al. 1995): 1,6-imine [2-
methyl-6-propyl-1,6-piperideine|; epidihydropinidine,
(2-methyl-6-propylpiperidine); pinidinol, [2-methyl-6-
(2-hydroxypropyl) piperidine|;  1,2-dehydropinidinol,
[2-methyl-6- (2-hydroxypropyl)-1,2-piperideine]; pini-
dinone, [2-methyl-6-(2-oxopropyl)piperidine|; and
euphococcinine, (1-methyl-9-nor-3-granatanone). Cis-
pinidinol was the predominant alkaloid in bark tissue
with concentrations ranging from zero to 2,760 pg/g dwt.
Trans-pinidinol was detected infrequently at low con-
centrations. Epidihydropinidine and euphococcinine
were detected commonly at concentrations <100 pg/g
dwt. The 1,6-imine, pinidinone, and 1,2-dehydropinidi-
nol were detected less frequently at concentrations be-
low 40, 80, and 150 ug/g dwt, respectively. Total alkaloid
concentrations in bark ranged widely from 21 to 3216
pg/g dwt. In needle tissue, epidihydropinidine and eu-
phococcinine were the dominant alkaloids with concen-
trations as high as 440 and 810 ug/g dwt, respectively.
The 1,6-imine, pinidinone, and cis-pinidinol occurred
less frequently at concentrations below 100, 110, and 180
g/ g dwt, respectively. Total alkaloid concentrations in
needles ranged from 70 to 1,215 ug/g dwt.

From the logistic regressions we found that none of
the alkaloids, alone or in total, in bark or in foliage,
were good predictors of leader mortality (all P> 0.40).
Family classification was a significant predictor for
topkill (P = 0.004), however, 95% confidence intervals
for the probabilities were large (Table 1). For example
at the Hamlet site, sample trees in resistant family 1023
had a 6-57% likelihood of being topkilled, whereas the
range for trees in susceptible family 5004 was 49-94%.
Families 1023, 1025, 1027, 1036, and the local Oregon
family 041 had consistently lower incidence of leader
mortality in sample trees at both sites (Table 1). Two
of the putatively “resistant” Canadian families (1032
and 1394) at the Hamlet site sustained heavy topkill
during the season in which we sampled. All putatively
“susceptible” Canadian families (5000-series) had high
rates of topkill.
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Fig. 1. Mean = 1 SE concentrations (ug/g dry weight) of alkaloids in 1-yr-old bark and needles from 12 families of Sitka
spruce. Means represent 12 sample trees from two sites. Hatched bars designate families with topkill in =25% of sample trees;
black bars indicate families with topkill rates =50%.

In the MANOVAGs, overall tests of family effects  dles and bark were higher at the Southern Coal site
were highly significant (all P = 0.002). For every (Table 2).
compound, differences among families were indi-
cated (all P = 0.087, generally =0.01). Family means
(+1SE) are presented for the alkaloids in Fig. 1. The
site factor generally was significant (P < 0.05) in the Sitka spruce families had clear differences in their
MANOVAs. Total alkaloid concentrations in nee- alkaloid concentrations. Expression of conifer alka-

Discussion
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Table 2. ANOVA results for comparison of total alkaloids in
foliage and bark of Sitka spruce in two Oregon progeny trials

Response Tissue Site LS mean” 95% CI
variable (ngl/g dwt)  (pg/g dwt)

Total alkaloids  Foliage =~ Hamlet 224 197-252

S. Coal 301 265-340

Bark Hamlet 391 316-475

S. Coal 499 402-607

“n = 72 sample trees per site.

loids appears to be under significant genetic control,
with high variability among provenances, and among
open-pollinated progeny within provenance (unpub-
lished data for ponderosa pine in a common-garden
genetics study). Exceptionally low concentrations of
cis-pinidinol and euphococcinine in bark of suscepti-
ble families, such as 5004 and 5003, respectively, may
warrant further study. Although it is a minor com-
pound, the highest concentrations of 1,6-imine con-
sistently occurred in resistant families, especially 1027
(see Fig. 1). Alkaloid bioactivity is highly variable and
may depend on minor structural differences (Saun-
ders et al. 1991, Brown and Trigo 1995). It is entirely
possible some of the spruce piperidines are toxic at
very small concentrations, while others are neutral.
Therefore, the potential efficacy of minor compounds
should not be underestimated.

The difference in alkaloid concentrations between
the two study sites was an interesting finding. Con-
centrations of alkaloids change significantly in young
pine needles as they mature, but are thought to remain
relatively stable in older foliage (Gerson and Kelsey
1998). We sampled year-old foliage and bark from
Sitka spruce, therefore the site differences in their
alkaloids were more likely the result of environmental
than phenological differences. Alkaloids in pines are
known to vary substantially among sites (Gerson and
Kelsey 1998) and can be influenced by nitrogen avail-
ability (Gerson and Kelsey 1999b). Similarly, Wain-
house et al. (1998) have shown that other secondary
compounds of Sitka spruce are responsive to alter-
ations in resource availability.

Before conducting this study, we postulated that
alkaloids might be involved in Sitka spruce resistance
to Pissodes strobi. However, our data failed to link
spring alkaloid concentrations with spruce leader
mortality, and consequently they do not appear to be
functionally involved, or have any value as markers for
weevil resistance. But, our study design does not ad-
dress the possibilities that changed alkaloid concen-
trations later in the year could affect weevil larvae as
they develop (e.g., an induced alkaloid response), or
that other mediating factors obscured a weak alkaloid
effect (rendering any alkaloid effect moot). Whether
the conifer alkaloids are ‘inducible’ remains to be
determined. Laboratory bioassays, including the mi-
nor spruce alkaloids, to directly test for physiological
effects on weevil reproduction would be informative.
Complementary laboratory and field studies would be
necessary to conclusively rule out a role for alkaloids
in weevil resistance.
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